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We have investigated the entry of energetic ions of solar origin into the magnetosphere as a function of the interplanetary magnetic field orientation. [Fliickiger, 199l; Shea and Smart, 1995] . These particles can move along interplanetary magnetic field lines to the Earth. Solar energetic particles (SEPs) can reach the ground (solar cosmic ray events), and enhanced proton fluxes can be seen at the top of the atmosphere and in space (solar proton events).
It is well established that energetic ions can penetrate the magnetosphere: [Fennell, 1973] . [Reames, 1999] .
" [4] Differential fluxes near 100 keV from a "typical" gradua I SEP event in the heliosphere [Gloeckler et al., 1984i Lin, 1987 are roughly comparable to those measured in the high energy tail of the proton distribution in the plasma sheet [Christon et al., 1988] . Reames et al. [1997] shows a differential flux of a similar magnitude at 100 keV for a gradual event on October 20, 1995 (105 protons/(cm 2 ticles (>0.1 Me'_).enter, are transported within and exit the sr S MeV)). The distribution function for these protons magnetosphere [Gussenhoven_et al., 1996 ].
-.... follows a power law distribution (f ,,_ E -v) with ",/ -_ 2.
[3] There are two basic types of SEP events, gradual"and. Rodriguez-Pacheco et al. [1998] fit power laws to ion impulsi_,e [Kallenrode, 1998; Reames, 1999; Blanc et,al.,, distributions between 36 and 1600 keV for the most intense 1999]. Impulsive events lasi for hours; whilegradual events, energeiic particle events of solar cycle 21, mostly gradual as the name suggests, are typically longer in duration; _events, and found that these power law exponents ranged imply that these will dominate at higher energies. [5] Internal acceleration within the magnetosphere during disturbed times can also lead to high-energy injection events.
One example of this is the appearance of high energy electrons in the 2 to 6 MeV range associated with periods of high solar wind speed that has been attributed to high inductive electric fields within the magnetosphere [ Baker et al., 1998] . Hudson et al. [1996] investigated ring current formation by following high energy particles in the equatorial plane in the inner magnetosphere in an MHD model to study how the electrons and protons were accelerated and transported into the ring current. They assumed that the energetic protons were of solar origin and that they had already penetrated the inner magnetosphere. They did not consider how the ions reached this region, which is the topic of this study.
[6] The goal of this study is to understand the entry of SEPs into the magnetosphere and under what conditions they contribute significantly to the magnetospheric particle population.
While the most energetic solar particles will not be strongly deflected by magnetospheric magnetic fields, the entry of a large fraction of the incoming energetic particles will be influenced by the magnetospheric configuration, which is controlled in turn by the IMF. We will approach the problem of SEP entry into the magnetosphere by calculating the trajectories of many particle trajectories in MHD field models of the magnetosphere under different IMF conditions. We focus on the transport into the inner magnetosphere that provides the source population tbr the ring current rather than the evolution of that source population into the ring current population.
In the section 2 of this paper we discuss our model and in section 3 we present our results. In section 4 we discuss what we have learned about SEP ion entry.
2.
The Model et al., 1995] . MHD simulations provide the best three dimensional global models of the entire magnetosphere and its interaction with the solar wind available, as shown by their ability to model spacecraft observations [Frank et al., 1995] . MHD simulations have been used with some success as field models in which to model thermal particle motion in the magneto-sphere [Richard et al., 1994 [Richard et al., , 1997 Ashour-Abdalla et al., 1997] The IMF direction is also indicated: "So" stands for southward, "We" for dawnward and "No" for northward. The locations of open field lines were of primary importance in determining particle entry for the majority of the particles, which were at energies below 1 MeV. Where the magnetic field was weak or had a small radius of curvature entry was enhanced.
[16] Note the effect of dipole tilt and Bx in Figure  4 . Because of these factors the plasma sheet was warped such that it was lower (in z) near midnight than on the dusk or dawn flanks and parts of it fell below z = 0. In the magnetotai['_b_etween hours 3.0 and 3.5 the protons were mainly confined to the plasma sheet while the lobes were nearly empty. Protons in this plasma sheet were confined within a band around 5 RE high in z, but were spread out all along the pla_sma sheet in y, reflecting the thinness of the plasma sheet forSputhward IMF. in the MHD simulation are shown as black curves. The dotted curves are the inner boundary, of the particle calculation at 4.5 RE. Nonzero fluxes appear just inside the inner boundary because the fluxes are collected in t R 2 domains. In the magnetosphere, the regions of highest flux had the order of a thousand hits (one particle can hit a virtual detector more than once) per domain at a virtual detector while the smallest fluxes could reflect a single hit.
were subsequently lost tailward or at the flanks. The particles that became trapped for long enough to completely circle the Earth were adiabatic for the most part and could be energized by the changing local magnetic field responding to the 1MF. sphere in the time-independent case versus the time dependent case. This may mean that penetration is enhanced in the time dependent case, but the effect is evidently secondary in the case of a slowly varying magnetosphere, []s] Between hours 4.0 and 6.0 the IMF was dawnward. For this configuration open field lines extended through the dawn flank. This defined the primary entry region ,for the protons. On the other hand there is a region with relatively few or no particles just inside the dusk side magnetopausc in the equatorial plane beginning at about 7 RE from the noonmidnight meridian and extending to the dusk side boundary (Figures 6 and 7) . Once they entered the plasma sheet protons spread out toward the dusk side. Omnidirectional fluxes in the quasi-trapping region, the plasma sheet and the cusp decreased considerably during the interval between simulation hours 4.0 and 5.0 ( Figure 6 ). The examination of single particle trajectories indicated that particles tended to on the dawn side that did not seem to correspond to any strong localized entry in the MHD simulation. [2o] From hour 6.0 to 6.5 the IMF changed from dawriward to northward, and then remainedsteady until hour 8.0.
The asymmetry due" to dipole tilt and iMF Bx caused more intense magnetic reconnection to take place in the Southern Hemisphere, tailward of the cusp, and therefore most open field lines extended southward. The examination of single particle trajectories indicated that the great majority of the ions in the northern hemisphere entered from a southward direction. Particle entry on the dawn side decreased and fluxes in the southern cusp increased as the field changed ( This calculation used a snapshot from the MHD simulation at 7 hours 45 rain. The format is the same as for Figure 9 . barrier to particle entry at this time. Particles enter through the southern cusp and high fluxes also occur on the dawn side LLBL region, though in this case particle drifts across the field and access to open field lines replaced convection on newly opened field lines [Richard et al., 1994] as the main entry processes.
When we ran a time independent case using a snapshot of the northward IMF magnetosphere, at 7 hours 45 rain. we obtained an interesting result. While the results in the outer magnetosphere were comparable between the time dependent and time independent cases, there is much less flux in the inner magnetosphere in the vicinity of the equatorial plane in the time independent case ( Figure  10 ). To understand this difference we examined the panicles that occupied the inner magnetosphere in the timedependent case. We found that these were trapped or quasitrapped particles that had entered the inner magnetosphere SSH 7-13 during earlier times when the IMF orientation was dawnward or southward.
We conclude that thei:e were no trapped or quasi-trapped particles observed during the quasi-steady northward IMF simulation that were launched while the IMF was northward.
[22] Although the ions were usually non-adiabatic and could gain or loose energy due to magnetospheric electric fields, the high energies of the launched particles relative to the electric potential across the magnetosphere caused energization within the magnetosphere to be of minor importance overall. The exceptions were particles gradient drifting around the Earth for a prolonged interval. These particles experienced adiabatic heating as the magnetic field changed.
Waves in the inner magnetosphere that might heat ions further did not play a role in this calculation; even though there are expected to be MHD wave modes present in the simulation, because the sampling of the MHD simulation results every four minutes filtered out almost all waves. To understand the basic physics of particle entry it is instructive to examine the trajectories of single particles in the model system.
The particle trajectories to be discussed now are protons that all precipitated onto the inner boundary.
Particles of this type were chosen because transport into the near Earth region is important for our results. For southward IMF protons could access the inner magnetosphere near the northern cusp. One such proton ( Figure  11 ) was launched at simulation time 3 hours and 32 min and had an initial energy of 107 keV and a 25°pitch angle. This particle began on a solar wind field line on the dawn side and moved toward the magnetosphere.
At the magnetopause it experienced a brief interval with _ < 1 as it crossed from solar wind to closed field lines. After travelling tailward on the dawn side near the equatorial plane it was eventually scattered into a nearly perpendicular pitch angle.
As it migrated toward the Earth and became trapped, which occurred near midnight, _ fell below 1.5. It became trapped and remained so for a prolonged period, finally precipitating after simulation hour 10. This particle experienced adiabatic heating while trapped and its final energy was 190 keV.
While this particle was on open field lines only very briefly, it was the strongly curved field lines resulting from dayside reconnection that led to a decrease of_ allow!ng the particle to enter.
[23] A 611 keV proton launched at6 hours 14 min simulation time, during the transition to northward IMF, is shown in Figure 12 . As can be seen from its path in the solar wind the particle's motion is mainly field aligned there with a pitch angle of 27°. This particle began on solar wind field lines on the dawn side and reached the magnetopause where it became trapped in the magnetopause-_current layer: with a mainly perpendicular pitch angle. It experienced _ < 2 only during one interval,:whidh is od_curved field lines in the magnetosheath.
While in the magnetopause current layer it reached open field lines,that it:followed 'inward, and itspitch angle changedto greater than l_i0°. L_/ter it gained more parallel velocity and. precipitated.
In Figure  13 we have plotted the traj_ct0ry of a pioton of 390 keV launched at 6 hours 26 min simulation time with an initial pitch angle of 63°. As one would expect from the IMF direction at this time it approached the magnetosphere from the southern, dawnward direction. It crossed into the magnetosphere on the flanks of the magnetotail. Its large Larmor radius in the solar wind is apparent, and this allows it to cross directly from the solar wind to open field lines and finally to closed field lines.
It moves on closed field lines to the inner boundary. Finally a definitely directly penetrating proton is shown that had an initial energy of 45 MeV and an initial pitch angle of 85° (Figure 14) . It was launched at simulation time 6 hours and 45 min. It had a huge Larmor radius in the solar wind that tightened as it crossed the bow shock and magnetopause. This particle moved easily between different field line types until it struck the inner boundary. It . experienced _ < 2 throughout much of its time in the magnetosphere.
[24] One way to demonstrate the magnetospheric configuration's control of the entry of high energy particles is to plot the population of the inner magnetosphere and the precipitation rate ( Figure  15 ) as a function of time. The numbers in this figure were computed assuming that the upstream flux represents a total flux above I00 keV of 2.5 x 10 s protons / m'--s. This number is based on the differential flux for a typical SEP event at 100 keV taken Figure 2 .
[25] The number of protons at less than 7 RE ( Figure  15 ) can be taken to reflect the population of the inner magnetosphere in the model. ,,,,.,,,,i,,,,,, ,,,,,,,,,l,,,,l,,,,l,,,,,,,,,i,,,,,,,,,l,,,,,,,,, [26] The 3He ion abundance is enhanced during impulsive SEP events.
2O
We calculated 3He ion trajectories for southward IMF only. The flux distribution for these particles was qualitatively similar to that of the protons that are MAGNETIC FIELD CONTROL $SH 7 -19 shown in Figure 4 , but the fluxes within the magnetosphere were reduced relative to the upstream fux. For the purpose of comparison with protons we plotted the population of the inner magnetosphere and precipitation for these particles in Figure  15 as if they had the same upstream flux as the protons.
It can be seen that they entered the inner magnetosphere and precipitated at a lower rate (relative to their upstream flux) than the protons. This is consistent with the role of _ in particle entry. For particles of the same energy the velocity of a proton will be greater than that of an 3He
ion by a factor of the square root of the mass ratio. The mass of an 3He ion is three times the mass of a proton while the charge doubles. This leads to a proton having a Larnaor radius 15% larger than an 3He ion of the same energy.
Conclusions
[_,7] We have seen that in our calculation high energy particles' access to the magnetosphere was strongly controlled by the IMF. For a steady proton source the onmidircctional proton fluxes in some locations in the magnetotad vaned by a factor of 100 as the IMF changed.
Transport into the inner magnetosphere varied by a factor of 5. A southward IMF condition allowed the greatest access to the magnetosphere of the IMF conditions studied, dawnward IMF less, and northward IMF considerably less. The cusp was an important entry region tbr the high energy particles for northward and southward IMF, while the dawn side flank was the dominant entry location for dawnward IMF. Fritz et al. [1999] reported that energetic particles are frequently observed in the cusp region. While they have ruled out an SEP source for events seen on August 27, 1996 it is possible that some of these events are related to SEPs. [29] Because IMF conditions typically undergo much more rapid variauons than in this idealized case particle entry into the magnetosphere may be even more complex than in our results. In this calculation the residence time of the vast nmjonty particles in the magnetosphere was much less than the duration of transttions in the IMF (half an hour). For rapid variations in the IMF, especmlly when a shock strikes the magnetosphere, the entry process would probably be modified. We argued in the introduction that if the SEP proton flux m the solar wind during an intense gradual proton event could easily enter the magnetosphere zt would dominate the plasma sheet population in the energy range above 0.1 MeV. Our model indicates that the SEP flux within the magnetosphere does become comparable to the solar wind flux m parts of the magnetosphere depending on IMF onentatton. The near Earth magnetotail under southward IMF is one mstance of this.
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